Oxygen-induced nanometer scale faceting of the atomically rough Rh͑210͒ surface has been studied using Auger electron spectroscopy, low energy electron diffraction ͑LEED͒, and scanning tunneling microscopy ͑STM͒. When the Rh͑210͒ surface is annealed at temperature Ն550 K in oxygen ͑pressure Ն2 ϫ 10 −8 Torr͒, it becomes completely covered with nanometer-scale facets. LEED studies reveal that the faceted surface is characterized by three-sided nanoscale pyramids exposing one reconstructed ͑110͒ and two ͕731͖ faces on each pyramid. STM measurements confirm the LEED results and show that the average facet size ranges from 12 to 21nm when changing annealing temperature from 800 to 1600 K. Moreover, atomically resolved STM images show that the ͑110͒ face of faceted Rh͑210͒ exhibits various reconstructions ͑1 ϫ n, n =2-4͒ depending on oxygen coverage. Faceted Rh͑210͒ is a potential template for studies of structure sensitive reactions.
I. INTRODUCTION
The morphological changes induced on solid surfaces by adsorbates have been a center of attraction for decades because of their wide applications in thin film growth, catalytic reactions and corrosion studies. 1 The interaction between adsorbates and substrates can enhance the anisotropy in surface free energy, which can lead to adsorbate-induced faceting of surfaces. 2 Faceting is a process whereby a clean metal surface covered with adsorbate and annealed at elevated temperatures undergoes morphological changes to reduce the total surface free energy. The faceted surface usually exposes faces that have more close-packed surface structures than the original planar surface, resulting in a reduced total surface free energy although the total surface area is increased. A suitable candidate for faceting studies is an atomically rough metal surface that has higher specific surface free energy than a close-packed surface of the same material and is less stable against the adsorbate-induced faceting. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] The potential application of these faceted surfaces could be as model systems to study structure sensitivity and size effects in catalytic reactions [16] [17] [18] [19] [20] and as templates to grow metallic nanoclusters. 15, 21 Many studies have been performed on adsorbate-induced faceting of atomically rough surfaces, e.g., bcc W͑111͒ ͑Refs. 8 and 9͒ and Mo͑111͒, 6, 8, 10 fcc Rh͑553͒, 13 Cu͑210͒, 4, 7 Ir͑210͒, 11 Pt͑210͒, 5 and Ni͑210͒, 3, 4 and hcp Re͑1231͒ ͑Refs. 12 and 14͒ and Re͑1121͒ ͑Ref. 15͒ surfaces. Recent studies on fcc ͑210͒ surfaces [3] [4] [5] 7, 11 indicate that facets can be induced due to the presence of different adsorbates, e.g., oxygen and active nitrogen can induce faceting of Cu͑210͒ ͑Refs. 4 and 7͒ and Ni͑210͒ ͑Refs. 3 and 4͒ while oxygen interaction or CO oxidation can provide favorable conditions to restructure the Pt͑210͒ ͑Ref. 5͒ surface to form facets. Ir͑210͒ ͑Ref. 11͒ shows the formation of pyramidal-type facets with ͕311͖ and ͑110͒ faces when annealed in oxygen at and above 600 K. The faceted Ir͑210͒ surface has been used to study structure sensitivity and size effects in chemical reactions. [18] [19] [20] In this work, we study morphological changes of Rh͑210͒ induced by oxygen using low energy electron diffraction ͑LEED͒, Auger electron spectroscopy ͑AES͒, and scanning tunneling microscopy ͑STM͒, which is mainly motivated by the two considerations. First, Rh͑210͒ has the same fcc structure as Ir͑210͒, which enables us to compare with oxygeninduced faceting of Ir͑210͒ leading to better understanding of the physical insight into the morphological changes in the facets with the nature of metal. We have previously found that oxygen can induce faceting of Ir͑210͒ ͑Ref. 11͒ and faceted Ir͑210͒ has been successfully used to explore structural and size effects in a series of important chemical reactions. [18] [19] [20] It is expected that faceted Rh͑210͒ will be also used to probe for structure sensitivity and size effects in chemical reactions. Second, the study of Rh is of technological importance due to the fact that Rh is a catalyst component in current commercial three-way catalysts for reducing air pollution from automobile exhaust gases. 20 Rh͑210͒ is an atomically rough surface and the unreconstructed Rh͑210͒ surface has four layers of atoms exposed where the top layer atoms show C 2v symmetry ͑180°rotation with the ͓210͔ vector as the principal axis͒ as shown in Fig. 1 . The Rh͑210͒ surface also shows mirror reflection symmetry along ͑001͒ plane. Our results demonstrate that oxygen can induce faceting of Rh͑210͒ and that the local geometric structure of the facets depends on the oxygen coverage. Our findings may have important implications for Rh-based catalysts operating under oxygen-rich conditions since the structures of the catalysts influence their catalytic performance.
II. EXPERIMENTAL DETAILS
The experiments were carried out in two different ultrahigh vacuum ͑UHV͒ chambers denoted as LEED and STM chambers, respectively. All LEED images shown in this pa-per were obtained in the LEED chamber that also contains a quadrupole mass spectrometer for residual gas analysis and an AES instrument for checking the cleanness of the Rh surfaces. All the STM experiments described here were performed in the STM chamber at room temperature using a hybrid variable temperature Omicron STM with tungsten tips. The instrument is housed in a home-built UHV system equipped also with reverse view LEED and AES.
The same Rh͑210͒ crystal was used in both chambers. The sample was cut from a single crystal Rh ͑99.99%͒ rod, ϳ10 mm in diameter, ϳ1.5-mm thick, aligned within 0.5°o f the ͑210͒ orientation and polished to a mirror finish. In the LEED chamber, the sample was supported by two rhenium leads ͑approximately 12ϫ 3 ϫ 0.1 mm 3 ͒ that were spotwelded directly to the rear of the sample ͑rhenium has a very high melting point ϳ3459 K and has no low melting point alloys with rhodium 22 ͒. The same leads were used for resistive heating where a high current ͑up to 30 A͒ can be passed through the leads and sample to achieve sample temperatures up to 1300 K. For accurate temperature measurement a C-type ͑W-5%Re/W-26%Re͒ thermocouple was spotwelded directly to the rear of the sample. The sample support assembly also included a tungsten filament for e-beam heating; a temperature up to 2000 K can be achieved by flashing the sample. The sample was cleaned by repeated cycles of Argon sputtering ͑1 keV, 3.5 A͒ at 300-650 K ͓initially at 300 K and then at increasingly higher temperature ͑ Ͻ650 K͔͒, annealing in O 2 ͑2 ϫ 10 −8 Torr͒ at 1000-1200 K followed by rapid flashes to ϳ1600 K in UHV to remove oxygen from the surface. In the STM chamber, the sample was mounted on a redesigned Omicron tantalum sample plate, which was described elsewhere, 23 to allow for e-beam heating up to 2000 K. The sample temperature was measured by a pyrometer. The sample preparation for STM measurements was performed with the similar procedures described above. The faceted O/Rh͑210͒ surface was confirmed by LEED prior to the STM measurements. The oxygen dosing was achieved by back filling the chamber using research purity O 2 . All exposures are reported in Langmuir ͑1 L =10 −6 Torr s͒ and are uncorrected for ion gauge sensitivity. Figure 2͑a͒ shows a LEED pattern from a clean Rh͑210͒ surface; all the spots are characteristics of the unreconstructed ͑1 ϫ 1͒ structure. When the incident electron-beam energy ͑E e ͒ increases, all the diffraction spots move and converge to the center of the LEED screen as shown in Fig. 2͑b͒ , which indicates that the surface is planar. No additional feature is observed in the LEED pattern after oxygen exposure up to 100L at room temperature on the clean Rh͑210͒ surface except that the background signal intensity increases after the oxygen exposure. The increase in the background signal may be attributed to additional diffuse scattering from the oxygen overlayer or the random adsorption of oxygen atoms on available sites on Rh͑210͒.
III. RESULTS

A. LEED Study
Figures 2͑c͒-2͑f͒ shows the LEED pattern of the Rh͑210͒ surface predosed with 10 L oxygen followed by annealing in O 2 ͑2 ϫ 10 −8 Torr͒ at 850 K for 2 min and cooling to room temperature in O 2 . When the electron-beam energy ͑E e ͒ increases, all the diffraction spots converge, respectively, to one of the three distinct points labeled by circles in Fig. 2͑c͒ . These three points are specular reflections from three different surface planes that are tilted with respect to the planar Rh͑210͒ surface and the complete LEED pattern from the faceted surface is a superposition of three sets of LEED patterns that originate from three tilted surface planes. The emergence of these patterns can be interpreted as the formation of three sided nanopyramidal facets on the Rh͑210͒ substrate surface. In previous studies on W͑111͒ ͑Ref. 24͒ ͑cov-ered with metallic overlayers͒ and Ir͑210͒ ͑Ref. 11͒ ͑covered with oxygen͒ existence of three specular diffraction spots is also observed which reflects the formation of three sided pyramids. However, in these studies the specular spot positions and the corresponding facet tilt angles are different from those of present study as described below. Figure 3 shows the evolution of diffraction spots of the faceted surface with annealing temperature obtained by an- nealing 10 L oxygen-predosed Rh͑210͒ in O 2 ͑2 ϫ 10 −8 Torr͒ for 2 min, where a part of each pattern has been magnified. From 400 to 500 K the ͑1 ϫ 1͒ diffraction beams from the planar surface become progressively fainter and three additional beams from the faceted surface emerge and become sharper gradually. With increasing the annealing temperature to 550 K, the diffraction beams corresponding to the planar surface completely disappear and the three beams corresponding to the faceted surface become well-separated spots. On increasing the annealing temperature from 550 to 850 K, LEED spots do not show any change in their positions but the change in the spot size can be observed ͓Figs. 3͑d͒-3͑h͔͒, i.e., diffraction spots become sharper as annealing temperature increases. In addition, it is also observed that the diffraction spots corresponding to faceted O/Rh͑210͒ surface are stable in UHV up to 900 K. On further increasing the sample temperature ͑Ͼ900 K͒ the diffraction beams of the faceted surface disappear and the faceted surface reverts to the original ͑1 ϫ 1͒ planar surface.
The orientations of the three facets are determined by comparing the positions of the specular beams of the facets with the LEED spots from the planar ͑210͒ surface. 12 The positions of the specular beams corresponding to three facet planes are marked as A, B, and C in the LEED pattern shown in Fig. 4͑a͒ . The specular beams A and B show a mirror reflection symmetry around the ͑001͒ plane. Comparison of the LEED pattern from the faceted surface with those from the planar surface at different electron beam energies reveals that the positions of the specular beams A and B from the faceted surface are located almost in the same positions on the LEED screen as those corresponding to ͑1,1͒ and ͑ −1,0͒ diffraction spots from the planar ͑210͒ surface at electron beam energy 160Ϯ 5 eV shown in Fig. 4͑b͒ . The spatial orientations of the ͑1,1͒ and ͑−1,0͒ beams can be determined from the structure of reciprocal rods of Rh͑210͒ and the Ewald sphere construction. 25 We first calculate the angle between a facet plane corresponding to the specular beam B and the ͑210͒ plane. The calculated angle between the ͑ −1,0͒ beam and the normal direction of ͑210͒ is 16.2Ϯ 0.2°; therefore the tilt angle of the facet defined by specular beam B relative to the ͑210͒ plane is 8.1Ϯ 0.1°. Due to the symmetry, the tilt angle between the other facet plane A and the ͑210͒ plane is also 8.1Ϯ 0.1°. The azimuthal angle between these two faceted planes was also measured and found to be ⌽ = 132Ϯ 4°. Based on the tilt angles between the faceted planes and the ͑210͒ plane as well as azimuthal angle between the two symmetric facets, the Miller indices of these two facets are identified as ͑731͒ and ͑731͒ planes. The tilt angle between the third facet, defined by the specular beam C in Fig. 4͑a͒ , and the ͑210͒ plane is also calculated in similar way. However, from Fig. 4͑a͒ , the exact position of the specular beam C is difficult to observe as the specular beam corresponding to this facet is blocked by the leads of the sample support assembly. In this case the position of the specular beam C can be determined by extrapolating the motion of the diffraction spots corresponding to the facet with changing the electron-beam energy ͑E e ͒. The estimated tilt angle between the facet and the ͑210͒ plane is 18Ϯ 2°. The closest choice for the facet orientation corresponding to specular beam C is the ͑110͒ plane, and the theoretical tilt angle between the ͑210͒ plane and ͑110͒ plane is 18.43°. It is also observed that the diffraction spots from ͑110͒ facet contain some weak diffraction spots in the rectangular lattice and the positions of these spots are defined by vectors b ៝ 1 and b ៝ 2 in Fig. 4͑a͒ . The ratio between two vectors ͉͑b ៝ 1 ͉ / ͉b ៝ 2 ͉͒ is ϳ2.6, which suggests that the LEED pattern from the ͑110͒ plane is better described by a ͑110͒ ͑1 ϫ 2͒ reconstructed LEED pattern. The identification of the three facets above are supported by the ideal tilt angles between the facets and the ͑210͒ plane calculated from the well-known geometric properties of cubic crystals, which are 731 = 8.4°, 110 = 18.43°, and 731 = 132°͑azimuthal angle between the ͑731͒ and ͑731͒ plane͒. Figure 5͑a͒ shows an STM image of a faceted Rh͑210͒ surface prepared by predosing of 10 L oxygen at 300 K followed by annealing in O 2 at 850 K for 2 min and then cooling to 300 K in presence of oxygen ͑4 ϫ 10 −8 Torr͒. The faceted Rh͑210͒ surface is fully covered by well-defined three-sided nanopyramids with similar shape, which implies that the pyramids expose faces of identical crystallographic orientations. To reveal the atomic details, we differentiate the height of STM image along x direction ͑x slope͒; with this
B. STM study
3. Evolution of the LEED spots from faceted O/Rh͑210͒ surface with annealing temperature ͑a͒ 400 K, ͑b͒ 450 K, ͑c͒ 500 K, ͑d͒ 550 K, ͑e͒ 600 K, ͑f͒ 650 K, ͑g͒ 750 K, and ͑h͒ 850 K at incident electron-beam energy 74 eV. The LEED spot in ͑a͒ corresponds to the ͑−1,−1͒ beam from the planar O/Rh͑210͒ surface based on the notation in Fig. 2͑a͒ .
.
. procedure the details of STM image can be enhanced at the cost of losing height information. In Fig. 5͑b͒ , an x-slope image of faceted Rh͑210͒ surface has been shown with the orientations of the facets, i.e., ͕731͖ ͑upper-left and upperright pyramid sides͒ and ͑110͒ ͑bottom pyramid side͒. The orientations of the facets identified by LEED can be further confirmed by measuring azimuthal angles between the edge lines of the facets as shown in Fig. 5͑c͒ . The average facet size ͑͗l͒͘ of these nanopyramids can be estimated via the average pyramid number density ͗n͘ as ͗l͘ = ͗n͘ −1/2 , i.e., inverse of square root of total number of pyramids per unit area. 18, 26 To determine the average pyramid size ͗l͘, we consider distinct pyramids that do not significantly deviate from the typical range in size or distance from neighboring pyramids. The calculated average pyramid size for the above surface is found to be ͗l͘ 850 K ϳ 18 nm. However, we have found that the average pyramid size varies from 12 to 21 nm ͑images not shown͒, depending upon the annealing temperature, i.e., the higher the annealing temperature the bigger the average facet size. The biggest average nanopyramid size can be obtained by flashing the Rh͑210͒ surface in oxygen ͑1 ϫ 10 −7 Torr͒ to 1600 K. Figure 6 shows STM image of the ͑731͒ plane and corresponding cross-section profiles of the lines. The measured distance between the atomic rows along line 1 is 5.6Ϯ 0.2 Å while the measured distance between the atomic rows along line 2 is 4.3Ϯ 0.2 Å. A comparison between the calculated 27 and measured distances between atomic rows on ͑731͒ plane is shown in Table I , where vectors a and b are the unit cell vectors of ͑731͒ plane. Although ͑731͒ plane is rougher than ͑210͒, it is a vicinal ͑100͒ surface with kinked steps, which may account for the apparent stability of the ͕731͖ facets upon adsorption of oxygen. The analysis of the STM images confirms that the surface structure of the ͕731͖ facets of the pyramids remains the same for different oxygen coverages studied, however the ͑110͒ facet of the pyramids show significant structural changes with oxygen coverage.
The
all these surfaces, which compares reasonably with the atomic distance in this direction ͑2.7 Å͒ for an unreconstructed ͑110͒ surface. The error bar between the measured values and the calculated values may be attributed to instrumental factors such as thermal drift and piezoelectric creep. The corrugation measured along ͓001͔ for all these structures is found to be 0.5Ϯ 0.15 Å while it is 0.1Ϯ 0.02 Å in the protruding row observed from the line scan presented in Figs. 7͑d͒-7͑f͒ . These values are summarized in Table I .
Previous STM studies of oxygen on Rh͑110͒ by Murray et al. 28 and Leibsle et al. 29 demonstrated that the oxygen can induce various reconstructions on the Rh͑110͒ surface depending upon the oxygen coverage. These studies showed ͑1 ϫ n͒ missing row reconstruction of Rh atoms where every second, third, fourth, and fifth atomic Rh row is missing along the ͓110͔ direction depending upon the oxygen coverage. The oxygen atoms adsorbed in the zigzag fashion in troughs along the ͓110͔ direction occupy threefold coordination sites, which gives rise to a variety of structures ͑2 a) surface prepared by predosing 10 L oxygen followed by annealing in O 2 ͑4 ϫ 10 −8 Torr͒ at 850 K for 2 min and then cooling in oxygen to room temperature. Scan parameters are: ͑a͒ 3000 ϫ 3000 Å 2 ͑V = 2 V and I =1 nA͒, ͑b͒ 500ϫ 500 Å 2 after the X slope taken ͑V = 2 V and I =1 nA͒, and ͑c͒ 250ϫ 220 Å 2 after the X slope taken ͑V = 1 V and I = 0.5 nA͒. The azimuthal angles of edge lines between different facets are also shown. ϫ 2͒p2mg, c͑2 ϫ 6͒, c͑2 ϫ 8͒, and c͑2 ϫ 10͒ depending upon the oxygen coverage at annealing temperature 700 K. A corrugation of 0.7 Å in the missing rows and 0.16 Å in the protruding rows are observed. 28 Furthermore, it is observed that on Rh͑110͒ these c͑2 ϫ 2n͒ surface reconstruction can be transformed to ͑110͒ ͑1 ϫ n͒ reconstruction using hydrogen interaction at room temperature. 30 In view of these results, we interpret the observed parallel stripes on ͑110͒ faces on faceted Rh͑210͒ as ͑110͒ terraces which exhibit every second, third, and fourth close-packed Rh missing row along ͓110͔ direction and show ͑1 ϫ 2͒, ͑1 ϫ 3͒, and ͑1 ϫ 4͒ reconstruction of Rh atoms for different oxygen coverage.
Based on our LEED and STM measurements, a schematic of a single pyramid on faceted Rh͑210͒ is presented in Fig.   8͑a͒ . Figure 8͑b͒ shows the ball model of the fcc ͑731͒ surface and Fig. 8͑c͒ shows ͑110͒ surface with a variety of ͑1 ϫ n͒ reconstruction, where every alternate nth atomic rows oriented in ͓110͔ direction are removed from the top layer and subsequently atomic rows from second and third layers are exposed to the vacuum. It should be noted that Fig. 8 illustrates structural models of the clean ͑731͒ and reconstructed ͑110͒ planes, where adsorbed oxygen atoms are not drawn. In fact, when oxygen from oxygen-covered faceted Rh͑210͒ was removed by reaction with H 2 , 18 the LEED pattern on the faceted surface did not change but with reduced background intensity ͑image not shown͒, indicating that oxygen adsorbs randomly on the Rh facets with ͑1 ϫ 1͒ structures and thus did not induce extra LEED spots. 
IV. DISCUSSION
Surface faceting can be understood as a morphology change from a planar surface to a hill-and-valley structure driven by thermodynamics ͑anisotropy in surface free energy͒ and controlled by kinetic factors such as nucleation and diffusion. 1 The thermodynamics of these facets is usually understood in the context of equilibrium crystal shape ͑ECS͒; when facets are formed on planar surface, all the thermally stable facets must be present in the ECS. 31 For a clean metal surface, the anisotropy of the surface free energy is generally so small that a thermally annealed surface with relatively high surface free energy ͓e.g., W͑111͒, 8 Ir͑210͒, 11 and Re͑1231͒ ͑Refs. 12 and 14͔͒ can still retain its original orientation against faceting. However, when the planar surface is covered by a thin layer of adsorbate atoms, the surface free energy decreases due to the energy release from the formation of chemical bonds on the surface and in addition the anisotropy of surface free energy also changes. The change in the anisotropy of the surface free energy depends on several factors such as the binding energy of the adsorbate to the substrate bond, the geometry of the bond, and the coverage of the adsorbate molecules, which is also important for the determination of the morphology of the faceted surface. When the size of the facets is large enough such that the overall contribution of the step edges, kinks, and strain to the formation energy is rather small, the energetic requirement for facet formation can be expressed as
where ␥ f ͑␥ p ͒ is the specific surface free energy of the "f͑p͒" faceted surface ͑planar surface͒ per unit area and A f ͑A p ͒ is the total surface area of the faceted ͑planar͒ surface. Since in the present case three facets are formed on the initially planar surface after adsorption of oxygen, the above equation converts into the following condition, which has to be fulfilled in order to show facet formation:
where f is the tilt angle between facet "f" and the ͑210͒ plane, and f is the structural coefficient describing the partial contribution of facet f to the total projected area on ͑210͒ plane. In the case of a fully faceted surface, f is proportional to the surface area covered by face f such that sum of f , i.e., ͚ f f equal to 1. From Eq. ͑2͒, the facet formation is possible only when sum of the surface energy of the facets is less than the planar surface energy. In the present study, oxygen induces faceting of Rh͑210͒ which exhibits ͕731͖ and ͑110͒ faces on Rh͑210͒ surface, the Eq. ͑2͒ can be read as The surface free energy ͑␥͒ of the system, surface excess energy per unit area of a particular facet, can be obtained from surface electronic-structure calculations. [33] [34] [35] [36] [37] However, for clean metal surfaces with bulk truncated structures, a qualitative comparison of ␥ can be achieved by simply counting the numbers of broken bonds when the crystal is cleaved ͑in a thought experiment͒ to form a surface. It is important to mention here that in a bulk truncated configuration, the surface is defined as a slab in which the nn's of all atoms are fewer than those in the bulk. For fcc ͑210͒, the atoms in the topmost layer have 6 and 9 nn's in the second layer and 11nn's in the third layer. From the fourth layer downwards, the number remains the bulk value of 12. In other words, fcc ͑210͒ has a nn sequence of ͑6, 9, 11, 12͒. The nn sequence of fcc͕731͖ and ͑110͒ are ͑6,7,9,10,11,12͒ and ͑7,11,12͒, respectively. To a first approximation, we consider only the nn bonds on clean Rh surfaces based on the broken bond counting method so the surface energies of ͑210͒, ͕731͖, and ͑110͒ surfaces can be calculated. The surface energies of clean planar and faceted surfaces and the corresponding structural coefficients ͑ f ͒ are summarized in Table II . If we assume all the involved surfaces are clean and substitute their surface energy values in Eq. ͑3͒, the clean Rh͑210͒ surface does not transform spontaneously to pyramids with ͕731͖ and ͑110͒ facets due to no energy gain for such a transformation. This agrees well with the experimental observation that the clean Rh͑210͒ surface is thermally stable. However, upon annealing Rh͑210͒ in O 2 at elevated temperature ͑Ն550 K͒, ͕731͖ and ͑110͒ facets form on the Rh͑210͒ surface. This indicates that adsorption of oxygen can induce an anisotropic change in the surface free energies of ͑210͒, ͕731͖, and ͑110͒. The observation of ͕731͖ facets is also supported by early LEED study performed by Tucker 38 on Rh͑210͒ surface. However, Tucker observed diffraction spots corresponding to only ͕731͖ facets on Rh͑210͒ when annealing the surface in an oxygen background of 1 ϫ 10 −7 Torr at 573 K. Unfortunately, Tucker's conclusion does not appear to consider the fact that ͕731͖ facets cannot maintain the overall orientation of the initial planar Rh͑210͒ surface. It is most likely that the specular spot corresponding to ͑110͒ facet was outside the LEED screen 15 in Tucker's experiment. In addition, Tucker has found that the diffraction spots are completely replaced by those corresponding to ͑100͒ and ͑110͒ planes when annealing in oxygen pressure 1 ϫ 10 −6 Torr at the same temperature. STM confirmation of this morphological evolution under high oxygen pressure ͑1 ϫ 10 −6 Torr͒ is necessary and will be the subject of future study.
The oxygen-induced enhancement of surface energy anisotropy has also been observed in a number of other systems. The planar Ir͑210͒ surface transforms by pyramidal faceting with ͕311͖ and ͑110͒ facets 11 while oxygen interaction induces faceting on Cu͑115͒. In the latter case, the change in the surface-energy anisotropy causes the Cu͑115͒ surface converts to ͑104͒ and ͑014͒ facets that form spontaneously together with stepped facets whose orientation gradually change from ͑115͒ to ͑113͒ as the ͑014͒ facets grow. 39 Previous studies 33, 40 suggest that enhancement in the anisotropy of surface free energy or reduction in surface free energy is caused by oxygen adsorption on preferential sites on the facets, which depends upon oxygen coverage and the O-metal binding energy on different facets. A qualitative explanation of faceting or the coverage-dependent evolution of surface morphology can be given by considering that the area-weighted combinations of all the facets and steps together with the energy requirement ͓Eq. ͑1͔͒ must have lower surface free energy than the original planar surface.
Besides surface faceting, we have also observed reconstruction of the ͑110͒ facet depending upon the oxygen coverage. The oxygen-induced reconstruction on the ͑110͒ facet of faceted Rh͑210͒ as a function of coverage is a clear illustration of the interplay between adsorbate-adsorbate, adsorbate-substrate, and substrate-substrate interactions. The structure of the metal surface changes with oxygen coverage, which minimizes the surface free energy. The energetics of the various reconstructions observed on ͑110͒ facet of faceted Rh͑210͒ can be understood as the restructuring of surface Rh atoms in order to maximize the bonding and stability of the adsorbate-substrate complex. The reconstruction is driven by thermodynamics and occurs when stronger adsorbate-substrate bonds that form compensate for a weakening of bonds between substrate atoms, an inevitable accompaniment to the chemisorption of O-induced restructuring process. The oxygen-induced reconstruction on planar Rh͑110͒ surface has already been observed in STM ͑Refs. 28-30, 41, and 42͒ and confirmed by LEED I-V analysis, 43 which suggests that the clean Rh͑110͒-͑1 ϫ 1͒ surface lowers its free energy by relaxations of the interlayer spacing. With the adsorption of more than 0.5 geometric monolayer ͑ML͒ oxygen at elevated temperatures, the metal surface reconstructs into the Rh͑110͒-͑1 ϫ n͒ missing-row structure. This structure has oxygen adsorbed on top of the ridges of the ͑1 ϫ n͒ missing-row structure in fcc threefold hollow sites. These reconstructed surfaces are found to be stable due to the formation of more ͑111͒-type microfacets and the capping of the lowest coordination Rh atoms at the surface layer by chemisorbed oxygen. Unlike oxygen-induced reconstruction observed on other fcc metals such as Ag͑110͒, 44 Ni͑110͒, 45 and Cu͑110͒, 46 ,47 which appears to be driven by the formation of chains of alternating metal and oxygen atoms along ͓001͔ direction, the reconstruction of the Rh͑110͒ facet is driven by the formation of missing rows along the ͓110͔ direction; a similar case can be found in oxygen-induced reconstruction of Pd͑110͒. 48 The theoretical studies on Rh surfaces [49] [50] [51] suggest that in the clean-state missing row reconstructions cannot be formed naturally as additional energy is required to reconstruct the surface Rh atoms. The reconstruction on the Rh͑110͒ surface has been studied as the relaxation of Rh atoms in different layers due to the stress formation. Using density functional theory Stokbro and Baroni 52 have calculated the oxygen chemisorption energy for oxygen on the unreconstructed and ͑1 ϫ 2͒ reconstructed Rh͑110͒ surfaces. The calculated chemisorption energy for 0.5 ML O on reconstructed Rh͑110͒͑1 ϫ 2͒ surface is found to be larger than that on unreconstructed Rh͑110͒ ͑1 ϫ 1͒ surface. In addition, these studies show that the oxygen-induced reconstructed surface reverts back to unreconstructed surface at 1 ML O. However, we did not observe such feature in the present study as the reconstructed ͑110͒ face of faceted Rh͑210͒ surface remains reconstructed for all oxygen pressure up to 1 ϫ 10 −6 Torr.
TABLE II. The specific surface energies ͑␥f͒ of the ͑210͒, ͕731͖, and ͑110͒ planes when they are clean in the units of broken bond number per unit surface area, where a is the size of the cubic cell of Rh. The numerical ratios of specific surface energies between the facets and ͑210͒ plane are in the third column. The tilt angles of the facets with respect to ͑210͒ are in the fourth column. The last column shows the structure coefficient ͑f͒ of the facets in the simplest case: the planar ͑210͒ surface is completely covered by ͕731͖ and ͑110͒ facets. Theoretical calculations for oxygen on faceted Rh͑210͒ are necessary to give an explanation.
V. CONCLUSION
In the present work, we focus on the adsorbate-induced modification of the surface free energy that brings a change in the surface morphology of the substrate. We have observed an oxygen-induced pyramidal faceting of Rh͑210͒ surface with two ͕731͖ faces and one reconstructed ͑110͒ face on each pyramid when annealing Rh͑210͒ in O 2 at and above 550 K. The average pyramid size ranges from 12 to 21nm, which can be controlled by changing the annealing temperature from 800 to 1600 K in O 2 . As the oxygen coverage changes, the surface structure of the ͕731͖ facet remains the same while that of ͑110͒ facet shows ͑1 ϫ n͒ missing row reconstructions. The faceted surface reverts to the planar surface when annealing in UHV for temperatures Ͼ900 K. Theoretical studies are necessary to give detailed energetic descriptions of the bonding characteristics between oxygen and Rh on different facets and the change in the surface energy anisotropy. The faceted Rh surfaces provide possible model systems to study structure sensitivity in Rhbased catalytic reactions as well as potential nanotemplate to grow nanoclusters.
